Camacho LE, Chen X, Hay WW Jr, Limesand SW. Enhanced insulin secretion and insulin sensitivity in young lambs with placental insufficiency-induced intrauterine growth restriction. Am J Physiol Regul Integr Comp Physiol 313: R101-R109, 2017. First published May 10, 2017; doi:10.1152/ajpregu.00068.2017.-Intrauterine growth restriction (IUGR) is associated with persistent metabolic complications, but information is limited for IUGR infants. We determined glucose-stimulated insulin secretion (GSIS) and insulin sensitivity in young lambs with placental insufficiency-induced IUGR. Lambs with hyperthermia-induced IUGR (n ϭ 7) were compared with control lambs (n ϭ 8). GSIS was measured at 8 Ϯ 1 days of age, and at 15 Ϯ 1 days, body weight-specific glucose utilization rates were measured with radiolabeled D-glucose during a hyperinsulinemic-euglycemic clamp (HEC). IUGR lambs weighed 23% less (P Ͻ 0.05) than controls at birth. Fasting plasma glucose and insulin concentrations were not different between IUGR and controls for either study. First-phase insulin secretion was enhanced 2.3-fold in IUGR lambs compared with controls. However, second-phase insulin concentrations, glucose-potentiated arginine-stimulated insulin secretion, and ␤-cell mass were not different, indicating that IUGR ␤-cells have an intrinsic enhancement in acute GSIS. Compared with controls, IUGR lambs had higher body weight-specific glucose utilization rates and greater insulin sensitivity at fasting (1.6-fold) and hyperinsulinemic periods (2.4-fold). Improved insulin sensitivity for glucose utilization was not due to differences in skeletal muscle insulin receptor and glucose transporters 1 and 4 concentrations. Plasma lactate concentrations during HEC were elevated in IUGR lambs compared with controls, but no differences were found for glycogen content or citrate synthase activity in liver and muscle. Greater insulin sensitivity for glucose utilization and enhanced acute GSIS in young lambs are predicted from fetal studies but may promote conditions that exaggerate glucose disposal and lead to episodes of hypoglycemia in IUGR infants.
rimental stimuli in development will shape the individual's health for life (3) . In addition to birth weight as a predictor for increased risk of diabetes, neonatal events that impact growth trajectory have also been shown to influence metabolic outcomes (43) . There is a paucity of information on the transition of IUGR infants into childhood because insulin action and secretion continue to develop and mature with age (23, 31, 46) . To our knowledge, only a few studies in IUGR infants have investigated the early transition into neonatal life (24 to 72 h). Even though these studies associate small for gestational age (SGA) with glucose dysregulation, the results are inconsistent across studies, which might reflect a dynamic interaction between insulin sensitivity and insulin secretion (5, 20, 44, 54) . In sheep fetuses with placental insufficiency-induced IUGR, we have shown defects in pancreatic insulin secretion due to a reduced number of ␤-cells, but in vitro, fetal sheep islets (and, thus, individual ␤-cells) have increased insulin secretion capacity. IUGR fetal sheep also have increased peripheral insulin sensitivity (35, 36, 47, 52) . We also have shown that chronic exposures to high plasma catecholamine concentrations, which are characteristic of IUGR fetuses with placental insufficiency, inhibit insulin secretion in fetal sheep, but decreasing chronic adrenergic stimulation results in a compensatory hypersecretion of insulin that persists for several days (12, 13, 32, 41) , likely accounting for at least some of the increased islet and ␤-cell insulin secretion capacity.
We have not, however, followed these placenta-insufficient IUGR fetuses postnatally, after normalization of plasma catecholamine, glucose, and insulin concentrations. This is important to do, because many human infants with IUGR have persistent evidence of increased glucose requirements to prevent hypoglycemia, indicative of increased insulin secretion and peripheral insulin sensitivity relative to current glucose concentrations. Therefore, we tested the hypothesis that glucose-stimulated insulin secretion (GSIS) and insulin sensitivity for glucose disposal are enhanced in IUGR lambs during their first 2 wk after birth, but the increase in GSIS is relatively greater than the increase in peripheral insulin sensitivity; both of these conditions would predispose IUGR lambs to excessive glucose utilization and hypoglycemia.
MATERIALS AND METHODS
Animal preparation. Animal experiments were approved by the Institutional Animal Care and Use Committee at The University of Arizona, Tucson, AZ, which is accredited by the American Association for Accreditation of Laboratory Animal Care. Time-mated, Co-lumbia-Rambouillet cross-bred ewes were purchased from Nebeker Ranch (Lancaster, CA). Singleton pregnancies were confirmed by ultrasonography before treatment assignment and animal husbandry was provided, as previously described (10) . Briefly, ewes were assigned by simple randomization method to one of two experimental groups-control or IUGR-at receipt. Placental insufficiency-induced IUGR lambs (n ϭ 7) were produced by exposing pregnant ewes to elevated ambient temperatures (40°C for 12 h and 35°C for 12 h; dew point 22°C) from 39 Ϯ 1 day gestational age (dGA) to 85 Ϯ 3 dGA (term 148 Ϯ 1 dGA). Control lambs (n ϭ 8) were from ewes maintained at 25 Ϯ 2°C that were pair fed to the average feed intake of ewes in the IUGR group (term 149 Ϯ 1 dGA). After delivery, lambs were removed from the ewe to eliminate confounding maternal variability and raised in individual pens adjacent to each other. Lambs received colostrum before being placed solely on milk replacer (Milk Specialties, Dundee, IL) with ad libitum access. Weights were measured within 3 h of birth, usually before the lamb suckled, and lambs were also weighed before each study. Crown rump length (poll to tail head), hindlimb length (hip to hoof), and head circumference were measured in lambs at birth.
Surgical preparation. At 3 Ϯ 1 days of age, indwelling polyvinyl catheters were surgically placed in the femoral artery and vein for blood sampling and intravenous infusions. Prior to surgery, lambs were fasted for 3 or 4 h. Lambs were anesthetized and maintained by inhalation of 1.5-4% isoflurane in oxygen. All catheters were filled with heparinized saline (30 units/ml, 0.9% wt/vol NaCl; Nova-Tech, Grand Island, NE). After placement, catheters were tunneled subcutaneously to the lamb's flank, exteriorized through a skin incision, and kept in a plastic mesh pouch sutured to the skin. Lambs were allowed to recover for at least 3 days before performing GSIS studies. Catheters were flushed daily with heparinized saline.
Insulin secretion responsiveness. Glucose-stimulated insulin concentration was determined with a square-wave hyperglycemic clamp at 8 Ϯ 1 days of age. Lambs were fasted for 3 h, placed into a custom-made Panepinto sling, and covered with a cloth drape. After 20 min of acclimation, basal, fasting blood samples (1.5 ml) were collected in EDTA-lined syringes at Ϫ20, Ϫ10, and Ϫ1 min for plasma glucose and insulin measurements, as described previously (10) . All GSIS sample times are presented relative to the dextrose bolus (time 0). The hyperglycemic clamp was initiated with an intravenous dextrose bolus (150 mg/kg) followed by a constant infusion of 33% (wt/vol) dextrose (D-glucose) solution that was adjusted (109 Ϯ 9 mol·min Ϫ1 ·kg Ϫ1 ) to maintain arterial plasma glucose concentrations at 15.0 Ϯ 0.6 mmol/l, which was approximately twice the baseline arterial plasma glucose concentration. At the onset of the infusion, arterial blood samples (0.5 ml) were collected every 3-5 min for 20 min to establish the steady-state plasma glucose concentrations, after which three blood samples (1.5 ml) were collected between 30 and 60 min (10-to 15-min intervals). Steady-state hyperglycemic conditions were confirmed during the sampling period when arterial plasma glucose concentrations varied less than Ϯ 10% of the mean. Acute, first-phase insulin concentration was calculated as the area under the curve (AUC) for the first 20 min of insulin secretion.
Glucose-potentiated arginine-stimulated insulin concentration (GPAIS) was determined with a follow-on arginine bolus (0.5 mmol/ kg) to the GSIS study. Arginine was administered over 4 min after the final GSIS sample was collected at 60 min. Blood samples (0.5 ml) for plasma insulin concentrations were collected at 65, 75, and 90 min.
Insulin sensitivity for glucose utilization. At 15 Ϯ 1 days of age, insulin sensitivity of glucose utilization was measured in fasted conditions and during a hyperinsulinemic-euglycemic clamp (HEC) (19) . Body weight-specific rates of glucose utilization (disposal) were determined by the net disappearance rate of D-[ 14 C(U)]glucose (PerkinElmer Life Sciences, Boston, MA) in fasting and hyperinsulinemic steady-state periods. Lambs were fasted 4 h and placed into the Panepinto sling. A constant infusion (2 ml/h) of radiolabeled glucose (37.2 Ci/ml) in saline was initiated with a 4-ml priming bolus. After 40 min, four arterial blood samples (1.2 ml each) were collected at 8 -10-min intervals, and basal (fasted) glucose utilization rates (mol·min Ϫ1 ·kg Ϫ1 ), plasma concentrations of insulin, glucose, and lactate, and arterial blood gasses were measured. Hyperinsulinemia was initiated with a priming dose of insulin (175 mU/kg; HumulinR; Lilly, Indianapolis IN) followed by a constant infusion (2 mU·min Ϫ1 ·kg Ϫ1 ). Euglycemia was maintained with a 33% (wt/vol) dextrose infusion that was adjusted in response to the plasma glucose concentrations taken every 5-10 min until steady state was achieved, usually within an hour. Steady-state euglycemic conditions were confirmed during the sampling period when arterial plasma glucose concentrations varied less than Ϯ 9% of the mean. Arterial blood samples (1.2 ml each) were collected at 8-to10-min intervals during the HEC.
After an overnight recovery from the HEC study, lambs (16 Ϯ 1 days of age) were euthanized with an intravenous overdose of pentobarbital sodium (86 mg/kg) and phenytoin sodium (11 mg/kg; Euthasol, Virbac Animal Health, Fort Worth, TX). Organs were dissected, weighed, snap frozen in liquid nitrogen, and stored at Ϫ80°C. The splenic portion of the pancreas (body and tail from the pancreatic notch) was fixed in 4% paraformaldehyde overnight and then embedded in Tissue-Tek O.C.T. Compound (Sakura Finetek, Torrance, CA), as described previously (14) .
Biochemical analysis and calculations. Concentrations of plasma glucose and lactate were measured immediately with a YSI model 2700 Select Biochemistry Analyzer (Yellow Springs Instruments, Yellow Springs, OH). Blood gasses and oxygen saturations were measured in blood collected in heparin-lined syringes (Elkins-Sinn, Cherry Hill, NJ) using an ABL520 (Radiometer, Copenhagen, Denmark), and values were temperature corrected for the lamb's core body temperature at the start of the study. Whole blood [
14 C]glucose (0.5 ml) was determined in supernatants after being deproteinized by mixing whole blood with 0.3 N zinc sulfate heptahydrate and 0.3 M barium hydroxide in a final volume of 5 ml. The deproteinized supernatant was aliquoted in triplicate and dried; radioactivity was measured with a LS 6500 multipurpose scintillation counter (Beckman Coulter, Fullerton, CA) in Hionic Fluor Liquid Scintillation Cocktail (PerkinElmer, Waltham, MA). Blood plasma was stored at Ϫ80°C until insulin concentrations were measured with an ovine insulin ELISA (ALPCO Diagnostics, Windham, NH; sensitivity 0.07 ng/ml; intra-assay and interassay coefficients of variation were 2.9% and 5.6%, respectively).
The rate of glucose disappearance (utilization) equals the rate of glucose appearance under steady-state conditions for plasma glucose concentrations. The body weight-specific net glucose utilization (disposal) rate was calculated as the ratio of the rate of [ 14 C]glucose (dpm/min) and the steady-state arterial plasma [ 14 C]glucose specific activity (dpm/mol glucose). Endogenous (hepatic) glucose production was calculated as the difference between the net [ 14 C]glucose utilization rate and the exogenous net dextrose (D-glucose) infusion rate (mol/min). Insulin sensitivity for glucose utilization rate (mol·min Ϫ1 ·kg Ϫ1 ·g Ϫ1 ·l Ϫ1 ) was calculated as the steady-state net rate of glucose utilization (mol·min Ϫ1 ·kg Ϫ1 ) divided by the arterial plasma insulin concentration (g/l). All results were normalized to lamb body weight (kg).
Endocrine pancreas morphology. Tissue sections (6 m) for histological evaluation were cut from the tail of the dissected pancreas. Procedures for fluorescent immunostaining on cryosections were performed to detect insulin, glucagon, and the combination of somatostatin and pancreatic polypeptide, as reported previously (14, 32, 33) . Fluorescent images were visualized with a Leica microscope, digitally captured, and analyzed with ImagePro software (Media Cybernetics, Silver Spring, MD), as described previously (32, 33) . Positive areas were determined for at least 25 fields of view (0.39 mm 2 ) on two pancreas sections per animal, and tissue sections were separated by Ն100-m interval. Data are expressed as a percentage of total pancreas area, and cell mass was calculated by multiplying the pancreas weight by the percent positive area.
Glycogen content. Glycogen content in liver and skeletal muscle (semitendinosus muscle) was determined as previously described with modifications (4, 35) . Briefly, 200 mg of frozen tissue was pulverized and digested in 2 ml of 30% KOH at 95°C for 30 min. The homogenate (150 l) was placed on no. 1 Whatman filter paper and washed in 66.6% ethanol with constant stirring for 30 min. The filter paper was removed, dried, and cut into small pieces. Glycogen was converted to glucose with 41.2 mg/ml amyloglucosidase (SigmaAldrich, St. Louis, MO) in 0.2 M acetate buffer (pH 4.8, 0.5% glacial acetic acid, 0.12 M sodium acetate) at 37°C for 65 min. Glucose concentration of this solution was determined in triplicate using the YSI 2700 Select Biochemistry Analyzer. Results are expressed as milligrams glucose per gram tissue (wet weight).
Citrate synthase activity. Citrate synthase content in liver and skeletal muscle was determined using the citrate synthase assay kit (Sigma-Aldrich). Protein was extracted from snap-frozen liver and skeletal muscle (100 mg) into 2 ml of CelLytic MT reagent following the CelLytic MT mammalian tissues lysis procedure (cat. no. C3228; Sigma-Aldrich). After protein extraction, total protein concentrations were determined by Pierce BCA assay (Thermo Fisher, Rockford, IL). Citrate synthase activity of the supernatant was measured in a 96-well plate in triplicates. Each reaction contained 20 g of protein.
Reaction was initiated after adding oxaloacetic acid, and absorbance of the reaction was measured for 1.5 min at a wavelength of 412 nm.
Immunoblotting. Protein lysates were prepared from semitendinosus muscle (30 -40 mg) with CelLytic MT Cell Lysis Reagent (Sigma-Aldrich) and protease inhibitors (0.5 mM PMSF, 2 g/ml aprotinin, 2.5 g/ml leupeptin). Lysates were homogenized with the TissueLyser LT (Qiagen, Hilden, Germany) at 50 Hz for 5 min and were centrifuged for 10 min at 16,100 g. Protein concentrations of the supernatant were determined with Pierce BCA Assay (Thermo Fisher). Immunoblots were performed as previously described (35, 52) . Primary antibodies against glucose transporter (GLUT)1 (1:250; Millipore, Temecula, CA), GLUT4 (1 g/ml, Sigma-Aldrich) and insulin receptor ␤-subunit (1:100, Santa Cruz) were detected with anti-rabbit immunoglobulin G horseradish peroxidase conjugated secondary antibody(1:15,000; Bio-Rad Laboratories, Hercules, CA) and chemiluminescence (West Pico Chemiluminescent Substrate; Thermo Fisher). Protein levels were quantified using photographed images and densitometric analyses (Scion Image Software, Frederick, MD); to accommodate the number of samples, two blots were run simultaneously and contain four overlapping samples for internal controls. Data are presented as a percentage of control means.
Statistical analysis. The statistical analysis was performed on IUGR (n ϭ 7; 5 males and 2 females) and control (n ϭ 8; 3 males and 5 females) lambs unless otherwise noted. For the HEC analysis, one IUGR lamb did not meet steady-state criteria during the clamp, and another lamb became ill, and both were excluded from the analysis. Skeletal muscle and liver tissues were not collected from one control and two IUGR lambs. After surgery, lambs were assigned a new identification number that did not correspond with treatment or previous identification to facilitate blinding and eliminate bias in subsequent analyses. Lamb morphometric characteristics, pancreas histology, citrate synthase activity, glycogen content, and immunoblots were analyzed by one-way ANOVA using general linear means procedure of SAS software (version 9.4; SAS Institute), and differences were determined with a post hoc least significant difference test. The GSIS and GPAIS studies were analyzed by ANOVA using the MIXED procedure of SAS. The model included experimental groups (control and IUGR), draw time, and their interaction. Acute, firstphase insulin concentration for the first 20 min was calculated as AUC with GraphPad Prism version 6 (GraphPad Software, La Jolla, CA) of insulin secretion and analyzed by one-way ANOVA using general linear means procedure of SAS. Insulin sensitivity study parameters were also analyzed by ANOVA using the MIXED procedure of SAS with lamb as the random effect. Main effects were experimental group (control and IUGR), period (basal and hyperglycemic), and their interaction. By experimental design, insulin sensitivity was analyzed at basal and hyperglycemia independently with one-way ANOVA using general linear means procedure of SAS, and differences were determined with a post hoc least significant difference test. For all data, the sex effect was removed from the model if P Ͼ 0.30. Means were separated using the PDIFF option of the LSMEANS statement of SAS and were considered significant when P Յ 0.05. In the absence of interactions (P Ͼ 0.05) for the repeated-measures model, significant main effects are reported. Data are presented as the means Ϯ SE.
RESULTS
Weights. IUGR lambs were lighter at birth than control lambs (3.6 Ϯ 0.3 kg vs. 4.7 Ϯ 0.3 kg; P Ͻ 0.05). In the GSIS study, IUGR lambs weighed less (4.8 Ϯ 0.2 kg; P Յ 0.01) than control lambs (6.3 Ϯ 0.4 kg). The body weights of the IUGR lambs were less (6.0 Ϯ 0.4 kg; P Ͻ 0.01) compared with control lambs (7.4 Ϯ 0.3 kg) at the HEC study. At necropsy the average body weights of IUGR lambs remained 30% lighter (P Ͻ 0.05) than control lambs.
Glucose-stimulated insulin secretion. Basal plasma glucose and insulin concentrations were not different between IUGR and control lambs (Fig. 1) . Plasma glucose and insulin concentrations were increased (P Ͻ 0.01), with hyperglycemia in both groups. Glucose concentrations (Fig. 1A ) during hyperglycemia were similar between IUGR and control lambs, but average insulin concentrations were greater in IUGR (5.79 Ϯ 0.90 g/l, P ϭ 0.05) than in control lambs (3.14 Ϯ 0.84 g/l). During the square-wave hyperglycemic clamp, first-phase insulin secretion in response to the clamp-induced hyperglycemia was determined during the first 20 min of hyperglycemia, and the change in insulin concentration by time calculated by AUC was greater (P Յ 0.05) in IUGR lambs compared with controls (Fig. 1B) . However, there were no differences between IUGR and control lambs during steady-state hyperglycemia, which represents the second phase of insulin secretion.
Glucose-potentiated arginine-induced insulin secretion. Insulin concentrations increased further (P Ͻ 0.01) after an arginine bolus (Fig. 2) . Maximum insulin concentrations were reached at 5 min and returned to prebolus insulin concentrations by 30 min. No experimental group by time interaction or experimental group effect was found for GPAIS.
Insulin sensitivity for net body weight-specific glucose utilization rate. During the HEC insulin concentrations increased from basal (fasting) period, as expected, but were not different between IUGR and control lambs in either period (Table 1) . Glucose concentrations were not different between experimental groups or between study periods. Arterial blood pH, Pa O 2 , Pa CO 2 , O 2 content, and hematocrit were not different between IUGR and control lambs (Table 1 ). Although differences in period means were found, there was no experimental group by period interaction. Hyperinsulinemia decreased pH (7.400 Ϯ 0.010 vs. 7.443 Ϯ 0.001 at basal), O 2 content (5.8 Ϯ 0.26 mM vs. 6.12 Ϯ 0.25 mM at basal), and hematocrit (31.6 Ϯ 1.3% vs. 33.3 Ϯ 1.3% at basal) means, but increased Pa O 2 (79.7 Ϯ 2.2 mmHg vs. 74.6 Ϯ 2.2 mmHg at basal) from basal levels. Plasma lactate concentrations were 21.8% higher in IUGR lambs compared with control lambs during the HEC.
Net body weight-specific glucose utilization rates (mol·min Ϫ1 ·kg
Ϫ1
) were similar in IUGR and control lambs in the basal (fasting) period (Fig. 3) . However, steady-state rates of glucose utilization were 1.7-fold greater (P Յ 0.05) in IUGR lambs than controls during the HEC. Glucose utilization rates were increased (P Յ 0.05) during the HEC compared with basal in both IUGR (1.8-fold change) and control (1.4-fold change) lambs. Insulin sensitivity for glucose utilization (mol·min Ϫ1 ·kg Ϫ1 · g Ϫ1 ·l Ϫ1 ; Fig. 4 ) was 1.6-fold greater (P Յ 0.05) in IUGR lambs than in control lambs under basal conditions and 2.4-fold greater (P Յ 0.05) during the HEC. Hepatic glucose production was not different between IUGR (11.8 Ϯ 2.9 mg·min Similarly, the proportion of pancreas weight to body weight was not different between IUGR and control lambs. Insulin-positive area was not different between IUGR (3.2 Ϯ 0.8%) and control (2.8 Ϯ 0.5%) lambs. ␤-Cell mass also was not different between IUGR (302 Ϯ 50.8 mg) and control (372 Ϯ 113.6 mg) lambs. ␤-Cell mass relative to lamb body weight was similar between IUGR (50.3 Ϯ 10.7 mg/kg) and control (47.9 Ϯ 12.1 mg/kg) lambs. Glucagonpositive area (IUGR 1.1 Ϯ 0.2% vs. control 1.1 Ϯ 0. 2%) and ␣-cell mass (IUGR: 117 Ϯ 20 mg vs. control: 132 Ϯ 28 mg) were similar between experimental groups. In addition, ␣-cell mass relative to lamb body weight was not different between IUGR (19.6 Ϯ 4.3 mg/kg) and control (17.1 Ϯ 2.6 mg/kg) lambs. Total endocrine area, a combination of insulin-, glucagon-, somatostatin-, and pancreatic polypeptide-positive areas, was similar between IUGR (6.2 Ϯ 1.0%) and control (5.0 Ϯ 0.9%) lambs. Total endocrine mass (IUGR: 714 Ϯ 83 mg vs. control: 529 Ϯ 164 mg) and total endocrine mass relative to lamb body weight (IUGR: 88.0 Ϯ 17.9 mg/kg vs. control: 92.1 Ϯ 15.6 mg/kg) were also not different between experimental groups.
Glycogen content and citrate synthase activity. Glycogen concentrations in muscle were similar between IUGR (17.2 Ϯ 1.9 glucose mg/g) and control lambs (16.0 Ϯ 1.6 glucose mg/g). Liver glycogen concentrations were not different between experimental groups (IUGR: 32.3 Ϯ 9.9 glucose mg/g vs. control: 37.7 Ϯ 7.5 mmol/kg (control: 100 Ϯ 8% vs. IUGR: 104 Ϯ 13%) between groups (Fig. 5) .
DISCUSSION
Although the association between IUGR and metabolic complications in adulthood is well known, information is scarce on the metabolic consequences of IUGR in such infants shortly after birth. Here, we show enhanced insulin secretion and insulin action for glucose in young lambs born with IUGR caused by placental insufficiency. Amplification of the acute GSIS response in lambs occurs despite several earlier reports demonstrating impaired GSIS in the IUGR fetus, including studies in this ovine model of placental insufficiency-induced IUGR (25) . Recent evidence indicates that inhibition of insulin secretion in the IUGR fetuses with placental insufficiency is due to elevated catecholamines that cause a hypersecretory response of insulin following cessation of the adrenergic stimulation (12, 13, 32) . IUGR lambs have improved insulin sensitivity for glucose, which parallels findings in IUGR fetuses, where body weight-specific glucose utilization rates are maintained despite lower insulin concentrations (35, 53) . The current results indicate that the increase in insulin sensitivity persists beyond birth without affecting glucose transporter or insulin receptor concentrations in skeletal muscle. These young IUGR lambs have inappropriately increased insulin concentrations for their degree of increased insulin sensitivity, which together could explain the transient relative hyperinsulinemic hypoglycemia observed in some IUGR infants (48, 51) .
Analysis of the biphasic insulin secretion response shows greater acute, first-phase GSIS in IUGR lambs that is due to enhanced pancreatic ␤-cell responsiveness. We based this conclusion on the observations that second-phase insulin secretion, GPAIS, and ␤-cell mass were not different between IUGR and control lambs. Furthermore, equivalent insulin concentrations during the HEC, when insulin doses are identical, indicate that the metabolic clearance rate of insulin is compa- Values are expressed as means Ϯ SE; n, number of lambs. HEC, hyperinsulinemic-euglycemic clamp; IUGR, intrauterine growth restriction. Superscript letters denote differences for significant interactions between experimental group and period. rable between IUGR and control lambs. These findings indicate that the enhanced acute insulin concentration response is intrinsic to the ␤-cells in IUGR lambs.
Our previous work in the IUGR fetus indicates that chronic suppression of insulin secretion from elevated plasma catecholamines promotes the ␤-cell hyperresponsiveness in IUGR lambs. Placenta insufficiency causes fetal hypoglycemia and hypoxia, which elevate plasma catecholamines (34, 36) . We have shown that plasma catecholamine concentrations are chronically elevated in late gestation in such IUGR fetuses and continually inhibit their insulin secretion (40, 41) . A pharmacological blockade of adrenergic receptors improves GSIS to a greater extent in IUGR fetuses than controls despite significantly less ␤-cell mass in the IUGR fetus (32, 40) . Isolated islets from IUGR fetal sheep also have a greater fractional insulin secretion relative to their insulin content than control islets, which further supports ␤-cell hyperresponsiveness in the absence of adrenergic receptor activation (36) . We have experimentally isolated the effects of hypercatecholaminemia in otherwise unperturbed sheep fetuses by continuously infusing norepinephrine for 1 wk. After termination of norepinephrine infusion, GSIS studies revealed ␤-cell hyperresponsiveness to glucose, which persisted for days in the fetus and more specifically their islets (12, 13) .
We have previously shown in our ovine model that IUGR fetuses at 0.9 of gestation weighed 58% less than controls and had a similar reduction (59%) in pancreas weight compared with control fetuses (33) . In this study, we see a modest, but significant, 23% reduction in birth weight compared with control lambs. However, pancreas weight and ␤-cell mass were not significantly different between IUGR and control lambs at 16 days of age when the IUGR lambs were 30% lighter in weight than control lambs. We attribute these differences to the shorter length of hyperthermia exposure in the current study, because it was demonstrated previously that the durations of environmental heat stress were associated with the severity of fetal growth restriction (22) . To ensure that the lambs were viable without extensive measures to stabilize them after birth, we chose to expose the ewes to a shorter 6-wk duration of environmental heat stress instead of the 80 days previously used for studies on the IUGR fetus (32, 33) . Although the severity of fetal growth restriction was less in this cohort of IUGR lambs (23%) compared with fetal cohorts (40 -58%), many similarities, such as increased insulin secretion responsiveness (with adrenergic receptor antagonists) and increased insulin sensitivity, were identified, suggesting that previously described impairments in the fetus occur and persist in these IUGR lambs (32, 35, 53) . These data are consistent with the uterine carunclectomy model of placental restriction, which also shows a positive association between fetal weight and absolute ␤-cell mass and that this correlation is lost in 43-dayold lambs (24) . These data indicate that the severity of placental insufficiency and IUGR are important for the development of ␤-cell mass, but additional experiments are required to fully understand the postnatal relationships for molecular mechanisms that regulate cell proliferation, which were identified previously in islets from fetal sheep with placental insufficiency and IUGR (30) .
Body-weight specific rates of glucose utilization increase with hyperinsulinemia, and in IUGR lambs, insulin-stimulated glucose utilization rates are increased to a greater extent compared with control lambs. Rates of glucose utilization in relation to insulin concentrations demonstrate increased insulin sensitivity in IUGR lambs at fasting and hyperinsulinemic periods. This increase in insulin sensitivity in IUGR lambs may be a continuation of adaptations seen in utero, where, despite lower insulin concentrations, IUGR fetuses have relatively normal weight-specific glucose utilization rates (35, 53) and increased insulin receptor concentrations (52) . In the IUGR fetus, however, the capacity for glucose oxidation is less than in normally grown fetuses, which has been proposed to promote lactate production in skeletal muscle to supply hepatic gluconeogenesis (i.e., via the Cori cycle) (7, 35, 57) . Whereas promoting mechanisms to spare glucose from oxidative metabolism is advantageous for the IUGR fetus and most likely dependent on endocrine responses to high catecholamines and low insulin, we also detect disparities between utilization and oxidation in the lambs, because lactate concentrations are greater in IUGR lambs and increased to a greater extent during the HEC. Additional evidence for glucose entry into glycolysis and not glycogenesis is that glycogen concentrations are similar between experimental groups in skeletal muscle and liver. Elevated lactate concentrations may indicate that, despite the maintained rates of glucose nonoxidative disposal, pyruvate entry into the tricarboxylic acid cycle is restricted, or at least not increased in response to increased glucose uptake and glycolysis. Limited oxidation rates of pyruvate do not appear to be dependent on differences in mitochondrial number because activity of citrate synthase, a mitochondrial matrix enzyme, was not different between experimental groups. Therefore, limitations in glucose oxidative capacity are dependent on pyruvate metabolism, which is a proposed site of regulation because pyruvate dehydrogenase kinase 4 expression is increased in IUGR fetuses. Pyruvate dehydrogenase kinase 4 inhibits pyruvate dehydrogenase activity to reduce the flux into the tricarboxylic acid cycle, thereby promoting pyruvate conversion to lactate, which is catalyzed by lactate dehydrogenase (7) . Additional studies are needed to fully characterize the metabolic flux, as well as its dysregulation in skeletal muscle Fig. 5 . Glucose transporters and insulin receptor levels. The protein expression of insulin receptor ␤, GLUT1, and GLUT4 was measured in control and IUGR lamb semitendinosus muscle samples by Western blot analysis. Results were quantified and analyzed for control (n ϭ 5) and PI-IUGR (n ϭ 4) semitendinosus muscle. Representative image is shown for ␤-tubulin, which was run as an internal control for each Western blot. and liver, but these studies support the hypothesis that limitations in glucose oxidative rates in IUGR fetuses persist postnatally.
Like the ␤-cell hyperresponsiveness, the dysregulation of glucose metabolism in skeletal muscle may be produced by chronically elevated catecholamines, because sustained adrenergic stimulation increases insulin-stimulated nonoxidative glucose disposal in adult humans and rats (9, 28, 29, 39, 49) . We have shown adrenergic receptor expression is downregulated in insulin-responsive tissues in IUGR fetuses and lambs (56, 58) . Studies are ongoing to address the adrenergic-induced developmental programming and its role in glucose metabolism in IUGR fetuses and lambs.
Although the relationship between insulin secretion and sensitivity is enhanced early, this effect is most likely transient, on the basis of studies carried out in adults showing a higher incidence of glucose intolerance. In a sheep model of placental restriction, IUGR lambs displayed increased insulin sensitivity to circulating free fatty acids at 6 wk of age but had impaired insulin secretion to an intravenous glucose tolerance test (17) . Normally, insulin sensitivity decreases with age. In sheep with placental restriction IUGR, increased whole body insulin sensitivity for glucose is present at 4 wk after birth, but glucose intolerance is present in adulthood (16, 23, 38, 45) . To our knowledge, only a few studies have evaluated the early transition into neonatal life in humans. A human longitudinal study showed that SGA infants have increased insulin sensitivity for glucose at 48 h (5, 44, 50). However, by 1 yr of age SGA infants that showed catch up growth had higher fasting insulin concentrations compared with infants that did not gain weight and those born appropriate for gestational age (AGA) (44, 50) , indicating the development of insulin resistance. Interestingly, by 3 yr of age, glucose disposition index in SGA infants was reduced, even though they were the same weight as appropriate weight-for-gestational age infants (44) . These studies in human SGA infants and sheep models of IUGR support early enhancement of the insulin disposition index that declines with age to a greater degree than what is observed for normal maturation. This indicates that there is a postnatal component contributing to the developmental origins for glucose intolerance, and although not shown in this study, may be associated with later catch-up growth, particularly of adipose tissue and total body fat (18) .
Perspectives and Significance
Placenta insufficiency-induced IUGR causes hypoglycemia and hypoxia, which are present in human IUGR fetuses and in fetuses in our ovine model of IUGR (36) . These fetal conditions associated with IUGR are expected to decrease insulin secretion and action, either directly or indirectly through hypercatecholaminemia and other endocrine factors (37) . We have shown that catecholamines inhibit insulin secretion in IUGR sheep fetuses and also suppress growth rates independent of circulating insulin concentrations, suggesting direct actions on other metabolic tissues (15, 41) . Persistent activation of adrenergic receptors in humans increases insulin-stimulated nonoxidative glucose disposal (49) . This adaptation and also potential adaptations to low plasma glucose and insulin concentrations in IUGR fetuses may accentuate glucose extraction in skeletal muscle resulting in the appearance of increased insulin sensitivity for glucose utilization. In addition, chronic adrenergic inhibition of insulin secretion due to hypercatecholaminemia leads to persistent hypersecretion of insulin following the cessation of adrenergic stimulation (13, 32) . In this study, we show that both enhanced GSIS and increased insulin sensitivity persist at least transiently (up to 2 wk after birth) in lambs that were IUGR, indicating that the adaptive outcomes developed in utero. A common problem after birth for human IUGR newborns is transient hyperinsulinism and hypoglycemia (1, 5, 27, 51) . Although the adaptations observed in IUGR lambs did not result in hypoglycemia, they resemble features that could explain this common problem in human IUGR newborns. Clearly, developmental impairments in insulin secretion, insulin action, and glucose homeostasis are not limited to fetal adaptations in IUGR, but produce a mismatch between secretion and sensitivity of insulin in the neonate that perpetuates such impairments after birth and the consequent metabolic responses, including hypoglycemia.
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